Introduction
The present radiative forcing by anthropogenic sulphate aerosol particles represents a perturbation to climate with a magnitude possibly of the order of the forcing due to the greenhouse gas accumulation since preindustrial times, but of opposite sign [Charlson et al., 1992; Houghton et al., 1996] . Although there is widespread acknowledgement of the importance of s. ulphate aerosols in radiative forcing of climate and of the effects of acidic deposition on the environment, relatively little is known about the response of these effects to changing sulphur oxide (SOx) emissions and oxidant concentrations. [Scott, 1982] . In contrast to a linear relationship between the gas phase SO•-production and SO2 concen- 
Whereas emissions of sulphur oxides from North

Northern Aerosol Regional Climate
Model (NARCM)
where E• is the entrainment rate.
The third term on the right-hand side in (6) represents transfer of the species from cloud to rain droplets according to Feichter et al. [1996] . Co accounts for conversion of cloud water into rain water [Lord, 1982] [Slingo, 1987] .
For all reactive tracers a discrete version of (6) 
The first terms on the right-hand sides in (10) and (11) represents the production of new particles by nucleation in bin i = 1, with 5ij being the Kronecker delta and j -1. SO•-production by condensation of H2S04 is included by the second term on the right hand side of (11). The last two terms in (10) and (11) take into account the growth of particles due to condensation of H2S04. The calculation of these terms is described in Appendix D.
The results of (10) are used at each EBI time step to evaluate n(•) in the integral (9). A polynomial interpolation is used to take into account the shape of the aerosol number size distribution and the size-dependent parameters in (9) within the bins which allows accurate and efficient simulations with relatively few bins [yon Salzen and Schliinzen, 1999b]. The calculation of Ni and Ci according to (10) and (11) has the advantage that particle number and total sulphate mass are both conserved for H2S04 condensation which is not necessarily the case in other aerosol growth models [e.g., yon $alzen and $chliinzen, 1999a].
Simulation of Sulphate Aerosol Over
North America
The response of sulphate aerosol concentrations and sizes to changing SO x emissions and H202 concentrations may strongly depend on the region and the season owing to regional and seasonal dependencies of the emissions and the physical and chemical processes. Over North America the efficiency of sulphate production is higher in summer than in winter due to increased photochemical production of oxidants. However, compared to clear-sky production of SO•-, the in-cloud aerosol production is relatively more important in winter' [Roelofs et al., 1998 ]. States the mean precipitation rate during the simulation period is about 50% higher than the climatological value. However, only small differences in precipitation rates occur for December (less than 3% difference in the mean values for the eastern United States).
Initialization and Boundary Conditions
The Additionally, the mean wet deposition is 23% lower in the model (Figures 2c and 2d) . These results give evidence that the production of sulphate over eastern North America is slightly underestimated in the simu- Since heating was applied to the aerosol sampled by the PCASP, it is assumed that the results are representative of a dry aerosol size distribution. However, it is not clear if sufficient heating to completely dry the aerosol was applied to the ASASP samples. To estimate the uncertainties associated with the unknown heating in the ASASP, the ASASP results are compared to both the dry simulated sulphate aerosol and also the wet aerosol at simulated ambient relative humidity. 
Effects of Changing SOx Emissions and H202 Concentrations
The simulation results presented in the previous section are used to study the effects of relative changes in SOx emissions and H202 background concentrations on the sulphate aerosol during the simulation time period. Specifically, the sensitivity of the results to a homogeneous decrease in anthropogenic SO x emissions over land by 50% and to a 100% increase in H202 background concentrations is investigated.
The sensitivity studies are idealized in the sense that they neglect feedbacks of changes in S02 concentrations on the gas phase production of H2 02. It has been shown that decreases in S02 concentrations may lead to decreases in H202 production because the HOx equilibrium in the gas phase shifts towards lower H02 radical concentrations at lower S02 concentrations [Stockwell, 1994] . Small changes in H02 radical concentrations lead to larger changes in the rate of H202 production since the formation rate of H202 depends upon the square of the H02 concentrations. However, the effects of changes in S02 concentrations on H2 02 concentrations are likely small in our simulations and can be neglected.
4.1.
Results for Summer 1994 Figure 11 shows the relative changes in sulphate concentrations at the surface (Figures 11a and 11b) , sulThe S042-aerosol particles are larger than during the phate wet deposition (Figures 11c and 11d) , and sul- The fairly small responses of sulphate wet deposition to changes in H202 background concentrations and the almost linear responses to changes in SO• emissions give evidence that the in-cloud production of sulphate aerosol during the simulation time period is mainly limited by the available amounts of SO2 in the clouds. In contrast, other studies based on measurements of SO2 and H202 concentrations over eastern North America in summer give evidence that limitation of in-cloud production due to SO2 may not be very important in comparison to limitations due to H202 [Meagher et al., 1984; Kleinman and Daum, 1991a] . However, as Kleinman and Daum [1991b] pointed out, SO2 concentrations may be considerably less than H202 concentrations at higher altitudes, and SO2 limitation at these altitudes is therefore more important as it is at lower altitudes. In agreement with the observations, the simulation results show lower H2 02 in-cloud concentrations at low altitudes compared to SO2 and the opposite at altitudes above about 850 hPa. Additionally, the simulation gives evidence that H202 may be less important as an oxidant over the source regions than is assumed in the observational studies. In the simulation it appears that the total, column integrated in-cloud oxidation of SO2 by ozone is of similar importance over the source regions to that by H202. This is also true in other regions, where 03 concentrations are high and H202 concentrations are low compared to average background concentrations over North America. In the simulation, more than 50% of the total in-cloud oxidation occurs in convective clouds, and oxidation in stratiform clouds appears to be less important due to low stratiform cloud amounts in the simulation. In the convective updrafts the S042-production by 03 occurs at higher altitudes than the in-cloud production by H202 and tends to almost completely oxidize the $02 that was not already oxidized by H202 at lower altitudes. The increasing relative importance of 03 with increasing height can be in part explained by the decreasing importance of H202 with height due to depletion of H202 by in-cloud oxidation and insufficient supply by entrainment. Another cause is the simulated increase in cloud water pH from about 3.5 above ground to about 5 at 200 hPa due to relatively low S042-concentrations and still consid- 
